Introduction
Antimonide−based compound semiconductors offer a wide range of band gaps, band gap offsets, and electronic barriers along with extremely high electron mobility and electron saturation velocity [1] [2] [3] , and, therefore, enable a variety of extremely fast low−power electronic devices and infrared light sources [4, 5] . Lattice−mismatched epitaxy of Sb−based materials on GaAs and Si substrates has attracted consider− able attention due to the numerous advances in optoelec− tronic devices that can be enabled, including field effect transistors [6] , infrared detectors [7] , and semiconductor lasers [8] . While recent technical advancement has enabled high quality lattice matched GaSb epitaxy on native sub− strates, GaAs substrates are desirable for many applications due to its high quality with semi−insulating, large area, favourable thermal properties, excellent n and p−type ohmic contacts and low cost. In addition, it affords the possibility of monolithic integration for optoelectronic devices. How− ever, the high lattice mismatch between the GaSb epilayer and the GaAs substrate (7.8%) complicates the growth of sophisticated device structures. To overcome the problem of this large lattice mismatch, which can lead to a big amount of threading dislocations and high defect density, various buffer layers such as compositionally graded metamorphic buffers [9, 10] , low temperatures layers [11, 12] , and super− lattice layers [13] were proposed. Metamorphic buffers' layers have been demonstrated in the growth of AlGaAsSb on GaAs [9] to achieve mid−infrared detectors and lasers. However, in this approach, initially the strain within the crit− ical thickness is accommodated by a tetragonal distortion followed by defect formation and filtering, therefore, the necessity to grow thick buffer layers (often > 1 μm) is required. Moreover, metamorphic buffer layer approach ex− hibits several deficiencies such as the poor thermal and elec− trical conductivity, and the material degradation through the presence of threading dislocations. Recently, another tech− nology, interfacial misfit dislocation (IMF) growth mode was developed [14, 15] , where the strain is relieved instanta− neously at the mismatched heterointerface by the formation of a two−dimensional (2 D), periodic IMF arrays comprised of pure−edge (90°) dislocations along both [110] and [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [14]. This growth mode offers a "buffer−free" approach with low threading dislocation density (~10 5 cm -2 ) [15] .
In this paper, we investigate the influence of the growth temperature and the Sb/Ga flux ratio on the crystal quality, the surface morphology and electrical properties of the GaSb epilayer grown on GaAs substrate.
Experiment
GaSb epilayers were grown on a semi−insulating GaAs (001) substrate with 2°offcut towards [110] in a RIBER COMPACT 21 DZ solid−source molecular beam epitaxy (MBE) system, equipped with valved cracker for arsenic and antimony to produce As 4 and Sb 2 , respectively. The manipulator thermocouple was used to monitor the sub− strate temperature. Growth temperature was calibrated from the GaAs oxide desorption temperature. After thermal des− orption of oxide at 640°C under As 4 overpressure, a 300−nm thick GaAs layer was grown at 640°C to obtain a smooth surface, with a growth rate of 0.93 μm/h. Then, the substrate temperature was lowered to grow the GaSb layer. As shutter was left opened until the temperature of 580°C to protect the surface. Several GaSb layers were grown at growth temper− ature between 250°C and 540°C with 5 Sb/Ga flux ratio. After the optimization of the growth temperature, three GaSb layers were grown with a different Sb/Ga flux ratio: 2.5, 5 and 12.5, respectively. The growth rate for a GaSb layer was 0.66 μm/h, while the thickness was 2 μm for 6 samples and 5 μm for 4 samples. The growth process was monitored by in−situ reflection high−energy electron dif− fraction (RHEED).
The crystal quality of the samples was evaluated by a PANalytical X−ray diffractometer (XRD). The measure− ments were made in the w−direction. The electrical proper− ties were characterized by Hall measurement using Van der Pauw method between 80 K and room temperature. No− marski optical microscopy was used to evaluate the surface morphology.
Results and discussion
For all the samples, when the Sb shutter was opened, the RHEED pattern changed from a streaky of GaAs (4×2) to bright dots, corresponding to the transfer from a two−dimen− sional (2 D) to a three−dimensional (3 D) growth, being characteristic for Volmer−Weber growth mode [16] . After a few minutes, a clear two−dimensional RHEED (1×3) pat− tern was observed, as it is shown in Fig. 1 , indicating a flat surface of GaSb layer.
Shiny mirror−like GaSb epilayers were grown at 250°C to 540°C temperature range with growth rate of 0.66 μm/h under optimized Ga and Sb fluxes [ Fig. 2(a) ]. Typically, the growth is much smoother for 2°disoriented GaAs sub− strates. Rough not mirror−like looking surfaces were ob− tained in the attempts to grow outside some temperature and Sb/Ga flux ratio ranges. Surface covered with fine Ga drop− lets [ Fig. 2 Figure 3 shows the full width at half maximum (FWHM) of the GaSb layers in the w−direction as a function of growth temperature and with a 5 Sb/Ga flux ratio. The FWHM is significantly smaller for thicker layers and de− creases with increasing growth temperature. This suggests a better crystal quality at high growth temperature and thicker sample.
The low crystalline quality of the samples grown at low temperatures is probably due to the formation of various extended defects, e.g., dislocations and microinclusions. This could be prevented by optimized growth conditions at the low temperature, namely reduced growth rate and smal− ler Sb/Ga flux ratio.
FWHM as low as 110 arcsec was obtained for a 5−μm thick layer grown at 490°C. In the literature, A. Jallipalli et al. [17] reported FWHM of 194 arcsec and 20 arcsec of GaSb layers which thickness is of 0.5 μm and 5 μm, respec− tively. On the other hand, Y. Li et al. [18] reported FWHM of 160 arcsec for a GaSb layer with a 1 μm thickness and a growth rate of 1 μm/h.
As follows from Figs. 4, 5 and 6, all of the samples exhibited p−type conduction, being consistent with the results of Anayama et al. [19] . The hole mobility at room temperature weakly depends on growth temperature with an average of 560 cm 2 /Vs while at 80 K, it increases from 493 cm 2 /Vs to 956 cm 2 /Vs as the growth temperature ramps from 250°C to 440°C (Fig. 4) . When the growth tempera− ture was higher than 440°C, there was a significant decrease in hole mobility at 80 K.
Both the room temperature and 80 K hole concentrations increase when the growth temperature of GaSb epilayers ramps (Fig. 4) due to native defects [20, 21] . These p−type native defects include Ga antisite defect (Ga Sb ) [22] , Ga vacancy (V Ga ) [23] , and complex defect composed of a V Ga and a Ga Sb [24] . Ga antisite is believed to be the main defect with concentration increasing with Ga−rich growth condi− tions. In fact, when the growth temperature increases, Sb atoms re−evaporate from the surface, therefore, the Sb lattice sites available for other atoms, especially Ga, increase, which contributes to more Ga antisite.
Opto−Electron. Rev., 24, no. 1, 2016 © 2016 SEP, Warsaw As a result, the hole concentration increases when the growth temperature ramps without suitable compensation by an increased Sb/Ga flux ratio. On the contrary to the pre− vious work, we had the lowest hole concentration at very low temperature; 3.78×10 16 cm -3 and 1.8×10 16 cm -3 for a 2−μm thick GaSb layer grown at 250°C, and a 5−μm thick GaSb layer grown at 300°C, respectively.
Lower hole concentrations were obtained by other groups. Y. Li et al. [18] reported on 1.63×10 16 cm -3 room temperature hole concentration at growth temperature of 490°C, while M. Lee et al. [25] had 7.8×10 15 cm -3 at growth temperature 550°C. A growth rate of 1 μm/h was used by the two previous groups.
Excessive hole concentration in the layers grown by us was probably due to the non−optimized low temperature growth conditions resulting in formation of structural defects, especially in vicinity to GaAs substrate -GaSb interface.
In order to study the variation of the hole concentration along the GaSb layer, the differential Hall measurement was performed. The measured GaSb layer had a thickness of 5 μm, grown at 300°C with 5 Sb/Ga flux ratio. Figure 5 shows the hole concentrations for the bottom and top regions, as well as that for the whole layer. The first−to−grow region of the layer shows significantly higher hole concen− trations and large activation energy. Moreover, the hole concentration in the bottom part of the GaSb layer increases with temperature ramp, in contrast to the top region layer. This is an indication of different type of the defects in the bottom and upper layers. Figure 6 (a) shows the FWHM and room temperature hole concentration of GaSb epilayers as a function of the growth temperature. The growth temperature 440°C seems to be the best parameter to get relatively low hole concentra− tion and proper crystal quality at the same time. To investi− gate the influence of the Sb/Ga flux ratio, three GaSb epilayers were grown at 440°C with selected Sb/Ga flux ratios. Figure 6 (b) shows the FWHM and the room temperature hole concentration of GaSb epilayers as a function of a Sb/Ga flux ratio. When the Sb/Ga flux ratio increases from 2 to 5, crystalline quality improves and at the same time, the hole concentration decreases down to 1.18×10 17 cm -3 . Fur− ther increase of Sb/Ga flux ratio results in the deterioration of crystalline quality and a large hole concentration.
Summary and conclusions
Undoped GaSb epilayers were grown on GaAs substrates. The influence of the growth temperature and the Sb/Ga flux ratio on GaSb epilayers' surface morphology, crystal− line quality, hole concentration and mobility was investi− gated with optical microscopy, X ray diffractometry and Hall measurements. were grown with growth rate of 0.66 μm/h under optimized Ga and Sb fluxes at temperatures ranging from 250°C to 540°C. The X−ray measurements shows steady improvement of crystalline quality with the increase of growth temperature from 250°C to 540°C with suitable choice of Sb/Ga flux ratio. This finding is confirmed by larger Hall effect mobil− ity in the layers grown at higher temperatures. The poor quality of layers grown at low temperatures are probably due to the formation of extended defects in the material, especially when growth rate is too large for the low growth temperature.
All the layers show p−type conductivity over 80 to 300 K temperature range due to Ga and Sb antisites. The hole con− centration tends to drop with decreasing temperature. The lowest concentration (3.78×10 16 cm -3 ) was measured in the layers grown at 250°C, unfortunately of low crystalline quality.
Differential Hall measurements revealed increased hole concentration in the bottom part of the layers interfac− ing GaAs substrates, characterized by a high dislocation density.
We expect the growth of high quality layers with low native defects' concentration can be accomplished at ele− vated temperatures and with more careful optimization of the Sb/Ga ratio.
